endothelial cell growth factor --rat brain development
INTRODUCTION MATERIALS AND METHODS
The density of capillaries in mammalian brain increases several-fold during development 7, 8, 10 . The biochemical mechanisms that control this microvascular growth and determine the final capillary density, however, have not been studied. During the past decade, soluble substances capable of stimulating capillary growth have been identified in other tissues with active neovascularization such as diabetic retina and tumors of various origins 13.L4. Because brain capillary endothelium is separated from neurons and glia by an extracellular basement membrane, it seems likely that a signal for brain angiogenesis must also be soluble in order to stimulate the endothelial cells across this membrane. To define the role of soluble factors in developmental angiogenesis of brain, we first determined the postnatal time course of capillary proliferation in rat brain, and then tested homogenates of brain during the peak of proliferation for their ability to stimulate thymidine incorporation into cultured brain capillary endothelial cells. Abstracts of this work have been published 22,z3.
In vivo capillary proliferation in postnatal rats
Sprague-Dawley albino rats were used throughout. Pregnant dams were housed in the laboratory, and pups were used after birth at various ages to establish the time-course of capillary proliferation in the developing brain. The rats were injected intraperitoneally at noon of the appropriate day with 3/~Ci/g of [3H]thymidine (New England Nuclear, 79.8 Ci/mmol). After 4 h the rats were anesthetized with pentobarbitai (50 mg/kg) and perfused via the left ventricle with cold 4% formaldehyde in phosphatebuffered saline (PBS). The brains were removed, and a 2 mm coronal block of occipital cortex was fixed for an additional 4 days, embedded in paraffin and sectioned at 6 /~m. Every 50th section was mounted on a microscope slide and stained with Luxol fast blue/PAS. For autoradiography, the slides were dipped in warmed nuclear track emulsion (NTB-3, Kodak, Rochester, NY) and air-dried for 2 h in the dark. To minimize exposure time, the sections were soaked in cold Aquasoi scintillation fluid (New England Nuclear) for 2 rain and air-dricd lk~r 31~ min 25. After exposure of the slides for 1.5 -2 weeks al 4 °C, they were developed. The percentage of labeled capillary cells (labeled cells/total capillary cells) or labeling index was determined for each section, in an area of occipital cortex extending 2 mm laterally from the midline. Capillary cells include both endothelial cells and pericytes. The index at each time point is the average of 3 animals.
In vitro stimulation of capillary endothelium by brain extracts
Extracts prepared from rat brain were tested for their capacity to stimulate [3H]thymidine incorporation into cultured brain capillary endothelial cells. Brain extracts from 6-day and adult rats were prepared by sacrificing the animal by cervical dislocation and homogenizing the brain in Alpha Minimal Essential Medium (a MEM, 1 g brain/4ml) in a glass homogenizer with a teflon pestle until cell nuclei were freed from cytoplasm. The homogenates were centrifuged at 32,000 g for 30 min, and the supernatants recentrifuged at 100,000 g for 1 h. The resulting supernatants were used to test for stimulation of endothelial cells. All operations were carried out at 4 °C. Total protein concentration of each extract was determined by the Bio-Rad Coomassie blue method. Extracts were stored at -70 °C until use.
Capillary endothelial cells were derived from bovine brain as previously described and used at first passage 3. Cells were plated in 24-well multiplates that had been previously coated with fibronectin, at a density of 20,000 cells/ml, with medium containing 10% plasma-derived serum (PDS). Cells were used when they became confluent about one week after plating. The medium containing 10% PDS was then removed and replaced with extract at various concentrations of protein with a-MEM and 0.5% fetal calf serum. After 20 h the cells were incubated with 0.5 ml of MEM containing 0.4 uCi/ml of [3H]thymidine for 2 h. The medium was removed and the cells fixed for 15 min with 2.5% glutaraldehyde, washed 3 times with 70% ethanol and for several hours with running tap water. After air-drying, the cells were incubated for 2 h with 0.4 ml of 1N HCI at 65 °C to hydrolyze the DNA. The HCI extracts were placed in vials with 5 ml ACS scintillation cocktail (Amersham) and counted in a scintillation counter.
RESII IS
Endothelial cells and pericytcs in the c~pilla~v.~, the rat occipital cortex readily incorp{~r~ttc !;I Ilth midine as the}' prepare to undergo cell di\ ision in tt first weeks of life (Fig. 1) . The percentage nl lahek cells (thymidine labeling index) was established as function of postnatal age. The peak of capillar} pn liferation occurred between 5 and 9 da\s of a~ (Fig. 2) . During this timeapproximatel 5 12'f oftl capillary cell (endothelial cell plus pericytc)nucl, were labeled compared lo (I.3r.~ in the adtl]t 1~ brain. By 20 days the labeling index had dropped I 3. l%, and by 25 days was 0.4%. Rat brain extracls : No significant difference exists between adult and 6-day extracts at 150 and 1500 ~g/ml. At 300/~g/ml, the stimulation by adult extract is slightly greater than that of the 6-day extract (P < 0.05).
several concentrations of protein stimulated [3H]thymidine incorporation into cultured brain capillary endothelial cells. Extracts of both 6-day and adult rat brain caused stimulation that was 4 times that of control at 150/~g/ml, and increased to 8 times control at 1500/~g/ml (Fig. 3) . DISCUSSION Angiogenesis, the formation of new blood vessels in vivo, appears to involve at least several components. These include endothelial cell migration and degradation of capillary basement membrane, as well as endothelial mitosis and subsequent proliferation. This study focused on this latter aspect of angiogenesis. We found that the rate of capillary proliferation in the neocortex of the developing rat, measured by in vivo [3H]thymidine incorporation, was 40 times greater than in the adult (Fig. 2) . The peak of proliferation occurs between 5 and 9 postnatal days and is temporally related to several-fold increases in the activity of a number of measures of oxidative metabolism in rat cortex, including oxygen consumption, oxidative enzyme content and mitochondrial density 6.24.26. This correlation between capillary proliferation and aerobic metabolism suggests that capillary growth might occur in response to changing metabolic demands of the brain during development.
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Support for this possibility is found in the neovascularization that occurs in brain in response to pathologic stimuli such as chronic hypoxemia or ischemic injury4, 9,11,12,21. The fundamental importance of polypeptide growth factors in maintaining viability and stimulating growth of cells is a generally accepted principal of developmental biology. Soluble factors which promote the growth of blood vessels are present in a number of tissues in which active neovascularization occurs 13,1~,t8. The brain in particular contains a number of growth factors including astrocyte growth factor, Schwann cell growth factor, brain-derived growth factor, fibroblast growth factor and endothelial cell growth factorl,5,~5, ~9. The last two of these stimulate some endothelial cells in vitro. Endothelial cell growth factor is a polypeptide that is isolated from bovine brain and hypothalamus. It has a molecular weight in the range of 20 K a and an isoelectric point of pH 5.5, and stimulates human umbilical vein and bovine capillary endothelium in vitro 19. Fibroblast growth factor is another bovine brain derived peptide of similar molecular weight, but with an isoelectric point of pH 9.6, also shown to stimulate large vessel endothelium 15. The role of these various factors in normal development of brain vasculature, however, is unknown.
After establishing that a period of marked capillary proliferation occurs postnatally in the rat cerebral cortex, we tested the hypothesis that soluble factors are present during this time, which may play a role in the regulation of developmental angiogenesis. Using an in vitro assay we measured [3H]thymidine incorporation into brain capillary endothelial cells. We chose these cells for the assay of the extracts because they seem most likely to be the cells stimulated by potential angiogenic factors in vivo. Capillary endothelial cells are different from those of large blood vessels, and brain capillaries in particular have unique functional characteristics such as the presence of tight junctions and a paucity of pinocytotic vesicles that are responsible for formation of the blood-brain barrier in vivo 3. Large vessel endothelium is rarely, if ever, the target of angiogenic factors in vivo, especially in brain, and may well respond differently to these stimuli in vitro. We found an 8-fold stimulation of brain capillary endothelial cells by extracts prepared from 6-day and adult rat brain (Fig. 3) . The presence of potent growth-promoting activity for these cells in adult brain when almost no capillary proliferation occurs, as well as in immature brain when proliferation is maximal, suggests that if the factor(s) mediating this activity are responsible for developmental angiogenesis, they are present throughout life but are unavailable for stimulation of in vivo capillary growth unless released or activated by an appropriate stimulus. The correlation between capillary proliferation and aerobic metabolism noted above suggests that such a stimulus may be linked to the changing metabolic demands of the brain during development. Alternatively, the regulation of capillary growth by soluble factors could be modulated by changes in receptors for the factor rather than (or in addition to) changes in the level or availability of the factor itself. A precedent for this kind of developmental adjustment exists in the reorganization of neurochemical circuitry during development, where receptors for acetylcholine and glutamate, for exampie. arc prescnl in higher concentralicm, n! ~:';urlk stages in various brain regions, decreasing wilh m~ turation l('.w. Either of these ntcchanisms ma~ als play a role in the stimulation of neu capillary grmvt found after injury of the adult brain by lrcczc Icsiot and ischemia j-~.
It seems likely that the stimulatory activity of th rat brain extracts is due, at least in part, to one of th endothelial mitogens already isolated from brair Biochemical characterization and exploration of lh specificity of this activity are the next steps in lear~ ing more about the control of brain capillary growt during development.
